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Titanium oxinitride (TiO N ) solar absorber coatings were deposited at different oxygen partial pressures onto Cu,

\ L
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Si and glass substrates using electron beam evaporation technique. XRD diffraction
patterns evidenced (111), (200) and (220) orientation of TiN_ phase. The preferred
orientation of the films changed with oxygen partial pressure. XPS revealed the intensity
of both Ti 2P, and Ti 2P, increases as a function of oxygen flow, and also shified
towards higher binding energy, indicating more oxidized state of Ti species than that
of TiO, due to incorporation of nitrogen atoms. Formation of uniformly distributed
spherical like particles and an increase in surface roughness of the TiO N, films were
observed as a function of oxygen partial pressure as depicted from SEM and AFM,
respectively. Ellipsometric and resistivity measurements showed a shift from metallic
to semiconductor behaviour of the TiON films as oxygen flow changed. A solar
absorptance value of 0.94 in the solar spectrum region and a low thermal emittance
value of 0.05 were achieved for the TiO N, solar absorber coatings prepared at the

oxygen partial pressure of 7.5x107 Torr due to both interference and intrinsic absorption. This study confirmed that
a single layer of TiOxNy film can be a good candidate as selective solar absorber.

Keywords: Solar Absorber, Tioxny, Oxygen Flow, Structure,
Optical Properties

Introduction

The world has an increasing energy demand due to economical
and population growth. However, today’s energy supply is based
primarily on fossil fuels, which are key factors for the majority of
greenhouse gas emission and global warming. However, global
warming can be reduced by reducing the emission of greenhouse
gases and hence there is a need for the improvement of means
for using renewable resources. The sun plays a singular role in
sustainable energy production, since the supplied energy to Earth in
just one hour, exceeds all other renewable energy sources combined.

Sun’s energy is environmental friendly and can be converted to heat
and electricity [1]. Commercially, the solar energy conversion to
electricity has been performed through photovoltaic devices based
on crystalline, polycrystalline and amorphous silicon. These silicon
solar cells represent more than 90% of the world production and the
energy conversion mechanism in these devices reach efficiencies
in the range of 12-16% and 17-25%, respectively [2]. Another key
technology consists of absorbers that convert solar radiation into
thermal energy. To harness the abundant solar energy, solar-thermal
systems are the most important candidates. An ideal absorber should
have high absorbance in UV, visible and near infrared (NIR) regions
(0.3 —2.5 pm) and low thermal emittance in the infrared (IR) region
beyond 2.5 pm [3].
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The spectrally selective solar absorber surfaces can be designed
into different structures including intrinsically selective materials,
semiconductor—metal stacks, metal-dielectric stacks, cermet coatings,
nanowire arrays, and textured surfaces [4-10]. Of the various designs,
due to their high absorption in solar spectral region and the metal volume
tunability, the cermet coatings have been widely used [11]. Several
cermets based selective solar absorber coatings such as Pt-ALO,, Ag
AlQ,, Cu-ALO,, Ni- Ale%,Mo -Si0, and W-AlLO,, have been reported
[12 17] The cermet consists of small metal particles embedded in a
ceramic matrix, where the role of the metallic particles is to increase
the solar absorption, due to the interband transitions in the metal, and
to reduce the absorption in the thermal IR region due to the small
particle size. However, such coatings have limited durability at higher
temperature due to oxidation or diffusion of the metal component in
the dielectric matrix, which limits their applications [18]. On the other
hand, transition metal nitrides and oxynitrides based structures are
characterized by a good diffusion barrier, high resistance of oxidation,
good mechanical, chemical and thermal properties [19-21]. Several
materials such as TiAIN/AION, W/WSiAIN /WSiAIO N JSIAIO,
TiAIN/TiAION/SiO,, and WAIN/WAION/AI, O have been reported
as selective solar absorbers [22,23].

Recently, an increasing interest has been paid to titanium oxynitride
(TiION ) films due to their interesting properties that make them
suitable for a wide range of applications [24]. Depending on the
N/O ratios tuneable properties between metallic titanium nitrides and
dielectric titanium oxides can be achieved [25]. For instance, TiO N

with low oxygen content have been explored as energy efficient
glazing, water-resistant and decorative coatings, transparent infrared
window electrodes and components in fuel cell membranes [26-29].

TiO N materials with high oxygen proportions have been used
to proéuce resistors, insulants, photocatalysis and dye-solar cells
[30]. TiO N have also been investigated as selective solar absorber
materials [31 32]. However, the spectral selectivity was achieved by
using multi-layer structures and antireflection layers which requires
several steps [33-35]. In addition, all the reported TiO, N solar
absorber materials have been prepared by using sputtering techmque

Single layer TiO Ny solar absorber coatings deposited by electron
beam evaporatlon have not been studied yet.

Selective solar absorber coatings prepared by using electron beam
(E-beam) evaporation such as Al O /Pt/Al O, Cu/Ta/ AL O / PYAL O,
pure tungsten oxide (WO,) and 1r0n—doped tungsten oxide (W (ON Feg
MgO/Zr/MgO and Cu- SrO have been reported [35-39]. These studres
showed high solar absorptance in the solar spectrum region and low
thermal emittance in the infrared region, which is the basic characteristic
of a solar absorber surface. Thus, the aim of this work is to prepare
a single layer of TiO, N, thin film deposited onto copper, silicon and
glass substrates by E-béam evaporation with varying oxygen partial
pressures. The effect of oxygen partial pressure on the structural, optical
and electrical properties has been investigated.

Experimental details

TiOXNy films were deposited onto copper, silicon and glass substrates
using an E-beam vacuum evaporation system at room temperature.
Before deposition all the substrates were cleaned in an ultrasonic
bath and then dried using nitrogen gas blow. The TiO, source was
placed onto the molybdenum (Mo) liner inside the evaporation
vacuum chamber. Samples were deposited by evaporating TiO,
source at room temperature. Nitrogen and oxygen gases were fed

into the chamber and were measured by a mass flow controller. The

partial pressure of N, gas was optimized and adjusted to 3.6x107
Torr. A beam current of 0.13A was adjusted to attain a deposition
rate of 0.8 A/s. The thickness was optimized and a 110 nm thick
film was deposited onto the substrates. Oxygen gas was introduced
into the chamber at different partial pressures, namely 7.5x10 Torr,
1.0 X107 Torr, 2.5 x1073 Torr and 7.5 x10-° Torr. Each TiOXNy films
was deposited onto copper, silicon and glass substrates in order to
characterize the prepared materials in terms of optical performance,
morphology, and resistivity of the films.

The crystalline structures of the samples were studied by Model Bruker
AXS D8 X-ray diffraction (XRD) system using Cu-K radiation with
wavelength of 1.541A. Elemental analysis was performed using X-ray
photoelectron spectroscopy (XPS) spectroscopy. The morphology of
the samples was obtained using Leo-Stero Scan 440 scanning electron
microscope (SEM). The surface roughness was studied using a Veeco
Nanoman atomic force microscope (AFM) V operated in tapping
mode. Optical constants and thickness of the films were determined
by ellipsometry spectroscopy using Ocean Optics in the wavelength
range of 300-2500 nm. The reflectance of the coatings was measured
with a Cary 5000 UV-Vis—NIR spectrophotometer from Varian, Inc.
(model DRA-2500) in the wavelength range of 300-2500 nm, and with
FT-IR spectrophotometer in the wavelength range of 3000-20000 nm.
The resistance of the coatings was determined by a sheet resistance
meter with four-point probe.

Results and discussion

Microstructure and chemical analysis

Fig. 1 shows x-ray diffraction patterns of TIO N_films deposited on
glass substrates with varying oxygen partial pressures. XRD analysis
show both crystalline and amorphous structures. All the diffraction
patterns revealed that the films exhibited distinct diffraction peaks
at 2 =36.86°, 42.760 and 62.26° which correspond to the (111),
(200) and (220) orientation of TiN_phase, and they indicated the
existence of crystalline TiO N . As can be seen from figure 1, the
preferred orientation of the films is dependent on the oxygen partial
pressure, being (111) at 7.5x10°¢ Torr, (200) at 1.0x107° Torr and
2.5x107° Torr, and (220) at 7.5x107° Torr. This preferred orientation
is due to competition between surface energy, strain energy, and
stopping energy [40]. The (200), (111) and (220) orientations are
dominated by surface energy, strain energy and stopping energy,
respectively. These preferred orientations are associated with the
N/O composition ratio of the films. This phenomenon has also been
observed elsewhere [41]. On the other hand, no diffraction peak
associated with TiO_ was detected for all samples, indicating an
amorphous morphology of TiO, at room temperature. This could
be due to the fact that when more oxygen content is incorporated
into the films, O, inhibits the formation of crystallization.
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Figure 1: XRD pattern of TiO N solar absorber coatings for
different oxygen partial pressures 7.5x10° Torr (a), 1.0x107 Torr
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(b), 2.5x107 Torr (c) , and 7.5x107 Torr (d).

The estimated average crystallite size obtained from Scherer formula for the oxygen partial pressures of 7.5x107¢ Torr, 1.0x10~ Torr,
2.5x107° Torr and 7.5x107° Torr are 72A, 75A, 110A and 120A, respectively. It was observed that the crystallite size increases as the
oxygen partial pressure increases, which is due to the increase in the density of atoms.

Fig. 2 shows high resolution XPS spectra of TiOxNy thin films deposited onto Si substrates: Ti2p (a), Ols (b) and N1s(c) core-electron
spectra by regional scans. The change in chemical states of TiOXNy thin films with increasing oxygen partial pressure was studied. As
shown in fig.2 (a), the intensity of both Ti2p, , and Ti2P, , increases when the partial pressure of oxygen increases from 7.5x10 to 7.5x107
Torr, and also a shift towards higher binding energy was observed. This indicates more oxidized state of Ti species than that of TiO, due
to the incorporation of nitrogen atoms. The increase in Ti atoms with increasing oxygen flux can be due to the connection with O and
N atoms [42]. From Fig.2 (b), a decrease in N1s peak with increasing oxygen partial pressure was seen, indicating higher incorporation
of oxygen atoms. Moreover an increase in O1s peak intensities as well as a shift towards higher binding energy with increasing oxygen
flow was also observed from Fig.2(c).
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Figure 2: XPS spectra of TiOXNy solar absorber coatings for different oxygen partial pressures: Ti2P (a), N1s (b) and Ols (c).

Fig.3 shows SEM micrographs of TiOXNy solar absorber coating deposited onto Si substrates at different oxygen partial pressures. At low
oxygen partial pressure, the corresponding film exhibits a smooth surface morphology as shown in fig.3 (a). However, with increasing
oxygen partial pressure from 7.5x10 to 1.0x10” Torr induced formation of randomly distributed spherical like particles are observed
as shown in fig.3 (b). By increasing the oxygen partial pressure further to 2.5x10”° and 7.5x10- Torr uniformly distributed spherical
like particles are formed as illustrated in fig. 3(c) & 3(d). The grain size of the TIO N_films increases from 23 to 45 nm as a function of
oxygen, which indicates that the growth and structure of the deposited TiOXNy thin films are dependent on the oxygen flux.
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Figure 3: SEM images of TiOxNy solar absorber coatings for different oxygen partial pressures: 7.5x10¢ Torr (a) , 1.0x10”° Torr (b),
2.5x107 Torr (c) , and 7.5x10~° Torr (d).

Fig.4 shows AFM images of TIO N_solar absorber coatings deposited onto Si substrates at different oxygen partial pressures. The results
show that the average surface rougimess of the films increases with increasing oxygen partial pressure, confirming the results obtained
by SEM. The average surface roughness of TiO N films increased from 4.8 to 13.8 nm with increasing the oxygen partial pressure,
which shows that both grain size and surface roughness can be affected by the oxygen partial pressure. This result also agrees well with
the XRD analysis.

Figure 4: AFM images of TiOXNy solar absorber coatings for different oxygen partial pressures: 7.5x10¢ Torr (a), 1.0x10-° Torr (b),
2.5x107 Torr (¢) , and 7.5x107 Torr (d).

Optical characterization

The refractive indices and extinction coefficients of TiOxNy thin films grown at different oxygen fluxes were estimated from the ellipsometric
measurements. Their optical properties are modelled using composite film containing metallic content (TiN) and dielectric component
(TiO,). The free-electron absorption and the localized surface plasmon resonance (LSPR) in TiN can be modelled using Drude model and
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Lorenz oscillator. Therefore, the dielectric function of TiOXNy ( sTiOxNy) thin films can be described by the following dispersion model [43].

2
EP + fl.‘?PR EIE.S‘PR i jj’nt int ( 1 )

E*+iT,E Ejpy —E*~iT,E E., —E* —il[,E

Sriony = €=

where is the high frequency dielectric constant; and are the plasma energy and damping factor of the Drude term contribution of free
electron, respectively; and are the strength, resonance energy and damping factor of the LSPR oscillation, respectively; and are the
strength, resonance energy and damping factor of the oscillator for the interband transitions, respectively. The obtained optical constants
of TiOXNy thin films from ellipsometric measurements for different oxygen partial pressures using equation 1 are presented.

Fig. 5 shows the optical constants, refractive index (n) and extinction coefficient (k), of TiO N, thin films deposited onto Si substrates at
different oxygen partial pressures (a) 7.5x10 Torr, (b) 1.0x107 Torr, (c) 2.5x10° Torr, and (d) *7.5x10° Torr as a function of wavelength
in the range 300-1000 nm. As can be seen from fig. 5(a), n is greater than k in the 300 — 458 nm wavelength range; however, it is smaller
beyond 458 nm, which indicates a metallic behaviour. Increasing the oxygen partial pressure to 1.0x10-° Torr, and further to 2.5x10 Torr
indicates that the value of k is less than that of n beyond 502 and 571 nm, respectively,. This evidences a decrease in metallic behaviour.
Moreover, both n and k of these samples (fig.5 (b) and 5(c)) are lower than that of sample grown at 7.5x10 Torr (fig 5(a)), indicating the
formation of an oxide due to an increase in oxygen. However, further increase of the oxygen partial pressure to 7.5x10-° Torr shows that n
is greater than k in most of the solar spectrum region (300 — 1000 nm), demonstrating that light is absorbed in that spectral range. One can
also observe that the behaviour of both n and k is almost constant in the long wavelength region, indicating a semiconductor behaviour.
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Figure 5: Optical constants of TiO XN, solar absorber coatings for different oxygen partial pressures: 7.5x10 Torr (a) , 1.0x10”° Torr (b),
2.5x107 Torr (c) , and 7.5x107 Torr (d)

In order to study the basic characteristics of selective solar absorber coating that is solar absorptance and thermal emittance, a reflectance
measurement was performed in the UV-Vis-NIR (0.3 — 2.5 um ) and IR region (beyond 2.5 um). Fig. 6 shows the UV-Vis-NIR spectral
reflectance of TiOxNy selective solar absorber coatings for different oxygen partial pressures. The solar absorptance (o)) was calculated
from the measured reflectance data and weighted by solar irradiance, / (1), using standard AM1.5 solar spectrum in the wavelength range
of 0.3- 2.5 um using the following equati A

[L-RA)
a (1) =22 T35 )
[2.()
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Figure 6: Reflectance spectra of TiOXNy solar absorber coatings
in the salar spectrum region for different oxygen partial pressures.

For the sample prepared at lower oxygen partial pressures of 7.5x10°
Torr and 1.0x107 Torr, the cut-off was observed at 640 and 571 nm
with 8.2% and 2.4 % reflectance, respectively. Whereas for higher
oxygen partial pressures of 2.5x10% and 7.5x107 Torr, the cut-off
was at 959 and 963 nm with 5.7% and 2.3% reflectance, respectively.
Therefore increasing the oxygen partial pressure shifts the cut-
off towards the longest wavelength region, and also a decrease in
reflectance in the wavelength range (0.3-0.9 ) was observed, which
induces a high solar absorptance value in the solar spectrum region.
The solar absorptance values of the samples are presented in Table
1. A solar absorptance value of 0.94 in the solar spectrum region was
obtained for TiO N, thin films with an oxygen partial pressure of
7.5x10-5 Torr, which could be associated with the adequate optical
constants as shown by ellipsometric.

Table 1: solar absorptance and thermal emittance values of
TiOxNy solar absorber coatings grown at various oxygen partial
pressures

Partial pressure of Solar absorptance Thermal emittance
oxygen (Torr) (o) (€3)
7.5x10¢ 0.84 0.15
1.0x10° 0.87 0.10
2.5x10° 091 0.09
7.5x10° 0.94 0.05

In order to verify the thermal radiative property of TiOxNy solar
absorber coatings, the reflectance was measured in the infrared
region (3 — 20 um). Fig. 7 illustrates the FT-IR spectral reflectance
of TiOXNy selective solar absorber coatings for different oxygen
partial pressures. The coating prepared at oxygen partial pressure
of 7.5x10-6 Torr reflected less than 91% in the infrared region.
However, increasing the oxygen partial pressure from 1.0x107 to
7.5x107 Torr caused a slight increase in reflectance and maintained
above 90%, which indicates a decrease in thermal emittance of the
corresponding coatings.
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Figure 7: Reflectance spectra of TiOXNy solar absorber coatings in
the infrared region for different oxygen partial pressures

The thermal emittance was calculated from the measured reflectance
data R () and weighted by the blackbody radiation, 7, ( 4, T), in
the wavelength range of 3 — 20 xm using the following equation:

20 om

[ LA DA-RAA2)
Es(ﬂ_) = S 20 won (3)
[1.1)
3

The calculated thermal emittance of TiOXNy solar absorber coatings
for different oxygen partial pressures is given in Table 1. It can be
seen that the thermal emittance decreased from 0.15 to 0.05 when
the oxygen partial pressure is increased. A lower thermal emittance
value of 0.05 was calculated for TiO, N coatings with an oxygen
partial pressure of 7.5x107 Torr. Hence, amongst the different TiO N,
films, the sample with an oxygen partial pressure of 7.5x10 Torr
exhibits a good spectral selectivity, i.e. high solar absorptance of
0.94 and low thermal emittance of 0.05, which makes it a good
selective solar absorber candidate.

Electrical characterization

To confirm the behaviour of TiOXNy films prepared at different
oxygen partial pressures, electrical resistivity was measured. Fig.
8 shows the resistivity of TiOxNy solar absorber coatings deposited
onto glass substrate as a function of oxygen partial pressure. As
shown in Fig. 8, the resistivity exhibits a distinctive behaviour with
increasing oxygen partial pressure. The resistivity of TiOXNy film
prepared at the oxygen partial pressure of 7.5x10°° Torr was about
3.15x107° Ohm-m, revealing a metallic behaviour. However, when
the oxygen flux was increased to corresponding partial pressures of
1.0x107, 2.5x10 and 7.5x10"Torr the resistivity of the coatings also
increased to 0.0023, 0.0208 and 0.104 Ohm-m, respectively, which
indicates a transition to a semiconductor behaviour. Thus, increasing
the oxygen partial pressure for the growth of TiOXNy coatings shifted
the behaviour of the samples from metallic to semiconducting
property. This result agrees well with the ellipsometric analysis.
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Figure 8: Electrical resistivity of TiO Ny solar absorber coatings
for different oxygen partial pressures

Conclusion

TiOxNy solar absorber coatings were deposited onto Cu, Si and
glass substrates using electron beam evaporation technique at room
temperature for different oxygen partial pressures. XRD showed
diffraction patterns, which correspond to the (111), (200) and (220)
orientation of TiNx phase. The preferred orientation of the films
changed as a function of oxygen partial pressure, which is due to
the competition between surface energy, strain energy, and stopping
energy. XPS showed that the chemical energy states are influenced
by the amount of oxygen. The intensity of both Ti 2P, , and Ti 2P, ,
increases when the partial pressure of oxygen increases, and also a
shift towards higher binding energy was observed, indicating more
oxidized state of Ti species than that of TiO, due to incorporation
of nitrogen atoms. SEM demonstrated the formation of uniformly
distributed spherical like particles with increasing oxygen partial
pressure from 7.5x10 to 1.0x107 Torr. An increase of the average
surface roughness of TiO N, films was observed as a function
of oxygen partial pressure as deplcted from AFM. Ellipsometric
measurements have shown that T10XNy films exhibited a metallic
behaviour for an oxygen partial pressure of 7.5x10 Torr, and a
semiconductor behaviour when the oxygen flux was increased.
These properties were also confirmed by resistivity measurements.
A solar absorptance value of 0.94 in the solar spectrum region and
a low thermal emittance value of 0.05 were achieved for TIO N,
solar absorber coatings prepared at the oxygen partial pressure of
7.5x107 Torr. Hence, it can be concluded that this single layer of
TiOXNy could be a good solar absorber candidate.
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